Characteristics of the fluctuating pressure field beneath the turbulent boundary layer attached to the hull of a high speed vessel by Ciappi, Elena & Magionesi, Francesca
Flow Induced Vibration, de Langre & Axisa ed. Ecole Polytechnique, Paris, 6-9th July 2004 
CHARACTERISTICS OF THE FLUCTUATING PRESSURE FIELD BENEATH 
THE TURBULENT BOUNDARY LAYER ATTACHED TO THE HULL OF A HIGH 
SPEED VESSEL  
Elena Ciappi 
Francesca Magionesi 
 
INSEAN, Italian Ship Model Basin 
 Via di Vallerano 139, 00128 Rome, Italy 
  
ABSTRACT 
The fluctuating pressure field generated by the 
turbulent boundary layer is one of the main sources 
of excitation and radiated noise for aircraft as well 
as for marine vehicles when for instance the 
induced vibrations in the hull plate of high-speed 
vessels or in the sonar dome are considered. 
In this frame, the hydrodynamic load acting on 
an elastic structure is usually described by the 
wave-number frequency spectrum that is a quantity 
difficult to obtain by direct measurements and it is 
usually provided by mathematical models deduced 
from the behaviour of the normalised cross 
spectrum. However also this last analysis is not 
easy to perform because the finite size of the 
pressure sensors implies a poor spatial resolution 
and signal attenuation at high frequency. On the 
other side, the background noise of the facilities 
often causes contamination of the data at low 
frequency. 
The wall pressure fluctuations spectra, when 
considering a body completely immersed in a fluid, 
depend on Reynolds number while, in the case of a 
surface piercing body such as a ship, a contribution 
from the Froude number must be taken into account 
hence introducing a new variable in its description. 
In view of the evaluation of the noise radiated on 
board of civil high speed vessels generated by flow 
exciting vibrations, an experimental campaign 
aimed to measure the pressure fluctuations beneath 
the turbulent boundary layer attached to the hull of 
a ship model was performed in a towing tank. The 
chance to use this kind of facility, characterised by 
a very low background noise, allows also the 
description of the low frequency part of the 
pressure spectra. An array of pressure transducers, 
flush mounted on a ship hull, were used to derive 
general laws for the streamwise cross spectral 
density behaviour at model scale based on the 
Corcos model. A detailed discussion of the scaling 
laws for the power spectral density in the different 
frequency range is also provided.  
1. INTRODUCTION 
Most of the analyses concerning wall pressure 
fluctuations were performed for aeronautical 
applications. In the naval community, similar 
studies dealt with military problems such as sonar 
masking phenomena or noise emission by 
underwater vehicles. The problem for a surface 
vessel is close to the ones above but presents also 
some differences related to the presence of the free 
surface that implies a flow dependence on the 
Froude number. In fact even in absence of external 
waves, thus excluding real sea state conditions, the 
deformation of the free surface due to the presence 
of the ship body highly influences the local 
characteristics of the boundary layer in terms of 
mean flow parameters.  
The problem of the characterisation of wall 
pressure fluctuations was studied in the early ‘50s 
by Corcos (1964) with the help of the first 
measurements performed by Willmarth and 
Wooldridge (1962). The work of Corcos also 
represents the first attempt to formulate a model for 
the cross spectral density (CSD) that, up to date, is 
the most popular and used formulation. The Corcos 
model is based on the assumptions that a separation 
of variables and a similarity law with respect to 
ωξ/Uc and ωη/Uc hold, being ω the circular 
frequency, ξ and η the spatial separations in 
longitudinal and vertical direction respectively and 
Uc the convection velocity. Its representation in the 
wave number- frequency domain, obtained by a 
Fourier transformation of the space variables, 
works well close to the convective wave numbers 
i.e., for k=ω /Uc were most of the energy is 
concentrated but over predict the spectrum level at 
low wave numbers. Several attempts have been 
made to modify or to improve this model and 
among the others must be cited Efmistov (Graham 
1997) who corrected Corcos by adding a 
dependence of the CSD on the boundary layer 
thickness, Ffowcs Williams (Graham 1997) that, 
also starting from the same formulation, adds a term 
to account for compressibility effects. Chase (1980) 
formulates two different models to fit the low wave 
numbers behaviour of the CSD; finally Graham 
(1997) compared all these models finding the 
solution of the sound radiated by an elastic plate 
showing the limitation and the goodness of each of 
them. The problem with the low wave numbers is 
the lack of comparisons with experimental data 
because of the great difficult to separate the 
boundary layer contribution from the background 
noise of the facilities. Moreover, only few 
experimental data on the wave numbers-frequency 
spectrum are available since the number of 
measurement points is usually not sufficient to have 
a suitable space resolution. For the same reasons 
also the correct low frequency characterisation of 
the power spectral densities (PSD) presents some 
difficulties. Interesting measurements were done on 
the fuselage of a glider, where any extraneous 
sound interference should be absent, by Hodgson 
(Bull 1996) and more recently by Pantom&al. (Bull 
1996) and in a low noise wind tunnel by Farabee 
and Casarella (Bull 1996). Contradictory 
conclusions were assessed: Hodgson found a flat 
trend Pantom&al. a weak fall off of the spectra 
while Farabee and Casarella a ω 2 behaviour 
confirming some theoretical analysis based on 
frozen flow hypothesis. For what concern the other 
PSD characteristics most of the attention was 
devoted to the analysis of two main problems: 1) 
the high frequency attenuation of the pressure 
signal due to the finite size of the transducers and 
2) the examination of the scaling laws for the 
pressure spectra. In particular, Corcos (1963) 
proposed a correction formula of the measured 
spectra based on the same model formulated for the 
CSD while Keith & al. (1992) present the most 
extensive analysis of all the available experimental 
and numerical results identifying the best choice for 
the scaling parameters in the different ranges of 
frequency. A detailed review of the state of the art 
can be finally found in Bull (1996). It is clear from 
what above that the problem is often analysed 
experimentally because the numerical solution of 
the Poisson equation governing the pressure field in 
a turbulent flow is impossible to achieve at high 
Reynolds number with the available computational 
resources. Some attempts can be found in Choi and 
Moin (1990) where the channel flow problem is 
analysed for Reθ=287 and in Chang & al. (1999) to 
study the influence to the wall pressure spectra of 
the different components of the 'turbulence-
turbulence' non-linear source term. This last 
analysis was performed for a channel flow and for a 
Reynolds number based on turbulent centerline 
velocity and channel half width equal to 3200. 
In this work an experimental procedure aimed to 
characterise the PSD and the validity of the Corcos 
model for the CSD in the flow direction for a ship 
model is presented. The variation of the test section 
along the hull length and of the ship velocity is 
considered. Finally scaling parameters for the 
measured data are found and the scaled spectra 
compared with the results obtained by different 
authors showing a good agreement. 
2. EXPERIMENTAL SET UP 
The experimental tests were performed on a 1:35 
model of the trimaran SES MISTRAL designed by 
ALSTOM Chantiers de l’Atlantique to reach a 
maximum speed of 60 Knots (see Figure 1).  
 
 
 
 
Figure 1: Mistral model 
 
Although in this case wall pressure fluctuations 
depends on two non-dimensional parameters: the 
Reynolds number Re=UL/ν and the Froude number 
Fr= U2/gL where U is the free stream velocity, g is 
the gravity acceleration, ν is the kinematic viscosity 
and L is the ship length, the scale of the model is 
chosen according to Fr being impossible to respect 
the Reynolds similarity law. The experiments were 
done in the INSEAN towing tank N.1 480 m long 
12 m wide and 6 m deep. This facility is provided 
with a carriage that can reach a maximum speed of 
15 m/s. The use of a towing tank is particularly 
challenging for this kind of experiments in fact flow 
conditions can be considered ideal since problems 
related to non uniformity of the free stream or to 
the presence of background turbulence, as in wind 
or water tunnels, are completely avoided. It is well 
known that these disturbances are associated with 
low frequency acoustic contamination of the 
pressure spectra impelling the use of long and often 
unsuccessful noise cancellation techniques based 
on background flow noise measurements. 
Notwithstanding this some problems arise because 
of the high amplitude vibrations transmitted from 
the carriage to the model and superimposed to the 
TBL spectra over a wide range of frequencies. 
These vibrations, mostly due to the interaction 
between the rails and the wheels of the carriage, are 
transmitted through the rigid connections between 
the carriage and the model necessary to maintain 
the ship trim. Since it is impossible to eliminate all 
the disturbances with classical isolation systems 
(spring or damper) a filtering action in the post-
processing phase is necessary.  
Test sections and transducers positions were chosen 
taking into account the behaviour of the following 
quantities: 1) the ratio between the displacement 
thickness δ* and the transducers characteristics 
dimension d 2) the ratio between the boundary layer 
thickness δ and the distance ξ between the 
transducers 3) the draft of the vessel during 
navigation at the different speeds. The first point 
regards the filtering action due to the finite size of 
the transducers causing an attenuation of the 
pressure spectra at high frequencies. It is evident 
that high values of d/δ* produce inaccurate pressure 
levels at high frequencies even if corrected with the 
available models [8]. The second point concerns the 
correlation length between space shifted signal in 
fact it can be shown that for ξ/δ >10 the correlation 
is almost zero. The last point is related to the 
possibility of finding a unique measuring section to 
be used for all speeds since the MISTRAL, being a 
SES vehicle has very small draft that decrease with 
increasing velocity especially in the bow region. 
The only part of the ship covered by water in all 
navigation conditions, also considering the self-
generated waves, is the V shaped keel.  It is evident 
from the above considerations that a deep 
knowledge on the flow conditions in terms of mean 
flow parameters is necessary for a correct design of 
the experimental set up as well as for the pressure 
spectra scaling. Flow velocity components are thus 
measured by means of a two components back 
scatter laser doppler velocimetry (LDV). In order to 
vary independently Re and Fr three measuring 
sections are provided inserting Plexiglas windows 
in the ship hull to allow LDV measurements from 
the internal part of the model. The probe is set up 
on a computer controlled traversing system that 
allows getting a displacement accuracy of 0.01mm 
in all the directions. Velocity and pressure signals 
were acquired for four velocities: 2.6, 3.47, 4.34 
and 5.2 m/s corresponding to 30, 40, 50 and 60 
Knots respectively. In table 1 the main flow 
characteristics: δ*, Reθ=Uθ /ν and uτ obtained from 
the experimental analysis are reported. 
 
 
U m/s Fr δ* m Reθ  uτ m/s 
bow section 
2.6 0.46 3.05 10-3 4.53 103 0.11 
3.47 0.62 3.03 10-3 6.25 103 0.1421 
4.34 0.78 2.97 10-3 7.68 103 0.1761 
5.2 0.93 2.93 10-3 8.78 103 0.2086 
mid ship section 
2.6 0.46 3.93 10-3 5.68 103 0.106 
3.47 0.62 3.9 10-3 7.79 103 0.1378 
4.34 0.78 3.84 10-3 9.66 103 0.1695 
5.2 0.93 2.83 10-3 1.14 104 0.2086 
stern section 
2.6 0.46 4.75 10-3 6.93 103 0.103 
3.47 0.62 4.73 10-3 9.54 103 0.1347 
4.34 0.78 4.53 10-3 1.15 104 0.1655 
5.2 0.93 4.65 10-3 1.42 104 0.194 
 
Table 1: Flow parameters 
 
Pressure measurements were performed with 
differential piezoresistive pressure transducers 
Endevco 8510-B characterised by a maximum 
range of 2 psig and by a resonance frequency of 70 
KHz. The rectangular sensing element has an area, 
not declared in the data sheet but deduced by a 
direct inspection of the transducers, approximately 
of 1X0.3 mm2. Pressure signals were acquired and 
amplified by the 16 channels acquisition system 
PROSIG; the sampling frequency was 8 KHz and 
the acquisition length was 30 sec. In the bow 
section 8 transducers are mounted flush with the 
hull over a distance of 18 cm (see figure 4), 
corresponding to a ξ/δ ≈ 9, in order to analyse their 
space time correlation and their CSD while in the 
mid ship and in the stern section only a 
measurement point was provided. Finally, 
accelerometers were mounted on the Plexiglas 
windows to measure the model vibrations and to 
use the acceleration signal to design a numerical 
filter for the pressure spectra. 
3. PSD ANALYSIS 
The obtained mean flow parameters represent a 
necessary step to find suitable scaling laws that 
allows the pressure spectra to collapse in a 
universal curve independently of the test 
conditions. Usually in the technical literature three 
different scaling laws are proposed: the outer, the 
mixed and the inner variables. The outer use δ* and 
U to scale both the frequency and the pressure axes 
generating the non-dimensional parameters: 
U
*ωδ
and ( )
*32 δρ
ωφ
U
. This scale is typically used for 
the low frequency part of the spectra. The mixed 
variable scaling is used as an alternative low 
frequency scaling law to eliminate Re number 
effect in the low frequency part of the spectrum 
introducing the shear stress to scale the pressure 
axis as: 
( )
*2δτ
ωφ U
. Finally the inner variables used 
for the high frequency part of the spectrum scale 
the frequency axis as 2
τ
ων
u
 and the pressure axis 
as
( )
ντ
ωφ τ
2
2u
. 
The pressure sensors are located at small distance 
from the free surface (approximately 1 to 3 cm) 
depending on the Froude number value generating 
different wave pattern around the hull and on the 
position of the measurement section. It is clear that 
the boundary layer characteristics in terms of mean 
parameters are affected by the presence of the free 
surface resulting for example in its thickening or 
thinning due to adverse or favorable pressure 
gradients generated by the waves. For what concern 
the pressure data the first analyses were performed 
considering a fixed Fr and a variable Re. In Figures 
2a and 2b the spectra measured in the three sections 
and for a velocity of 4.34 m/s scaled with the outer 
and the inner variable respectively are shown. The 
auto spectral densities are obtained after a filtering 
of the vibrations peaks in the frequency domain 
using suitable relations (Bendat and Piersol, 1991) 
based on the coherence between the acceleration 
and the pressure signals. Moreover frequency 
averages of the spectra obtained from different 
acquisitions (usually 6-8) and frequency smoothing 
were done to obtain the result in figures. It is 
evident that the outer variable scaling gives a good 
collapse of the data for 10<∗ Uωδ  while the 
inner one works better in the range 
2.007.0 2 << των u . On the contrary, the mixed 
variables, not reported here, do not produce a 
collapse of the present data. At this regards Keith & 
al. (1992) deduced from its comparisons between 
different spectra that there is a Reθ dependency of 
the scale in fact, he found that the mixed scales 
produced a good collapse only of data characterised 
by a Reθ < 4500 while the actual conditions refers 
to sensibly higher values of Reθ. The same 
behaviour of the curves in Figures 2a-b is observed 
for the other velocities showing a Froude 
independence of the scaled pressure spectra. It is 
clear that Froude effects are included in the values 
of the velocity parameters. 
For the sake of clarity in Figures 3a-d only the 
scaled spectra measured in the same section (bow 
and stern section respectively) but for different 
velocities are reported and compared with the 
results, extracted from Keith et al. (1992), of Bull, 
Bull and Thomas, and Keith and Bennet, performed 
in wind tunnel and of Carey et al. performed in 
water and in fully developed pipe flow conditions. 
Again the range of validity of the outer and of the 
inner variable scaling is that previous discussed and 
it is in excellent agreement with the results of the 
other authors. Moreover it is interesting to note that 
the actual spectra start from very low values of the 
non-dimensional frequency showing a fall off 
(more evident for the inner variable because of the 
smallest range of the pressure axis) for ω→0 
confirming at least the trend found by Pantom et al. 
and Farabee and Casarella. 
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Figure 2a: Scaled spectra, outer variables, 
Fr=0.78 
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Figure 2b: Scaled spectra, inner variables, 
Fr=0.78 
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Figure 3a: Scaled spectra, outer variables, 
bow section 
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Figure 3b: Scaled spectra, inner variables, 
bow section 
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Figure 3c: Scaled spectra, outer variables, 
stern section 
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Figure 3d: Scaled spectra, inner variables, 
stern section 
 
4. CSD ANALYSIS 
The aim of the CSD analysis is to investigate the 
validity of the Corcos model for the present 
experimental data. This model predicts an 
exponential decay of ( )ξωφ ,
'pp  function of the 
similarity variable cU/ωξ  in the 
form: ( ) ( ) cc UiUppp ee //' , ωξγωξωφξωφ −= where ω is 
the circular frequency, ( )ωφ p  is the ASD of the 
reference signal, γ is a decay factor. Moreover Uc is 
the convection velocity usually considered equal to 
0.8 U that represents its asymptotic high frequency 
value deduced by the CSD phase cU/0ωξθ = (see 
Figure 4). The Corcos model can be rewritten in 
terms of coherence as: ( ) cUe /, ωξγξω −=Γ  allowing 
the identification of γ. In fact from the coherence 
curves calculated for different spacing and for 
different velocities, taking ω=const., the curve of 
figure 5 is obtained. The best fit of the data with an 
exponential function gives γ=0.1 against the value 
0.125 suggested by Corcos 
5. CONCLUSIONS 
An experimental campaign was performed on a 
model of the trimaran SES Mistral to measure the 
wall pressure fluctuations. The analysis of the 
spectra confirms that it is possible to find particular 
non dimensional parameters that allows their 
collapse into a universal curve. Finally the validity 
of the Corcos model for the CSD was investigated. 
 
 
Figure 4: Convection velocity 
 
Figure 5: Coherence function 
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